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ABSTRACT
The Due Hydroelectric Project is a proposed 50 MW run-of-river hydroelectric project being developed by
Hidroalto SA. The project will be located on the Rio Due in Ecuador. The civil works of the intake facility will be
comprised of a 133.45 m wide diversion weir with two overflow spillways and six gated sluice channels, a four bay
intake structure with sediment excluder, and a fish bypass facility. Northwest Hydraulic Consultants (NHC)
evaluated the initial design of the Due intake and spillway facilities using a 1:35 Froude-scaled physical model for
river discharges ranging from the intake design discharge of 57.2 m 3/s to the 1000-year flood of 2,339 m3/s.
The testing in the physical model revealed some deficiencies in the performance of the initial design of the spillway
stilling basins and some opportunities to reduce construction costs. Modifications to the initial design were
proposed and evaluated in the model during the design optimization testing phase. The final recommended
modifications included adding a new stilling basin wall separating one of the overflow spillways from adjacent
sluice channels, reducing the length of the stilling basin, decreasing the height and thickness of the stilling basin
walls, and modifying pier noses to reduce flow disturbances. Furthermore, a sluice gate operation guideline was
developed in order to maintain sufficient energy dissipation within the stilling basins for the range of river
discharges covered in the study.
The physical model was also utilized to evaluate the reservoir sediment flushing procedure and the performance of
the intake sediment excluder. Fine sand was used in the model to simulate the reservoir deposits such that
qualitative observations of the sediment flushing could be made. Accordingly, a sluice gate operating guideline was
developed to maximize the sediment flushing from the reservoir. Finally, the physical model used light-weight
sediments to evaluate the efficacy of the intake sediment excluder in trapping sediment to qualitatively observe the
sediment load into the intake and the particle trapping process. Modifications to the intake sediment excluder were
recommended to improve sediment trapping efficiency and reduce construction costs.
Keywords: Physical model, spillway, stilling basin,sSediment flushing, energy dissipation, sluice gate.

1. INTRODUCTION
1.1.

General

The Due Hydroelectric Project is a proposed 50 MW run-of-river hydroelectric project being developed by
Hidroalto SA. The project will be located on the Due River in Ecuador. The intake facility will withdraw water from

the Due River at a design flow of 57.2 m3/s, with 6.2 m3/s diverted through a sediment bypass pipe and the
remaining 51 m3/s entering a 4.8 m diameter penstock.
As shown in Figures 1, 2, and 3, the civil works of the project will be comprised of a 133.45 m wide diversion weir,
with two overflow spillways (crest elevations at El. 619.0 m) and six 6.0 m wide gated sluice channels; a four bay
intake structure with sediment excluder; a 4.8 m diameter power tunnel/penstock; and a fish bypass facility. All six
sluice gates are 6.0 m wide and 7.0 m high with invert elevations set at El. 610.0 m (for sluice gates #1 to #4) and
El. 609.0 m (for sluice gates #5 and #6).

Figure 1. General arrangement of the initial design of the Due Hydroelectric facility.

Figure 2. Section view looking downstream (Section A-A in Figure 1) at the initial design of the facility.

a)

b)

Figure 3. Section views of the initial design of the a) North Spillway (Section B-B in Figure 1), and b) Sluice Gate 5
(Section C-C in Figure 1).
The normal and maximum head pond operating levels are El. 619.0 m and El. 622.5 m, respectively. The riverbed
material at the proposed site consists of coarse sand with a median diameter of D50 ≈ 2 mm. Also, riprap protection
with a minimum diameter of 1.0 m is suggested to armour the bed downstream of the stilling basins. Table 1

summarizes the hydrology for the project site. The performance of the facility was evaluated at river discharges of
59 m3/s, 300 m3/s, 400 m3/s, 1100 m3/s, and 2339 m3/s.
Table 1. Project Hydrology.
Discharge Event
Intake design discharge (including
sediment excluder and fish bypass flows)
10-year flood
20-year flood
50-year flood
100-year flood
1000-year flood

1.2.

Discharge (m3/s)
59
1,517
1,666
1,833
1,945
2,339

Study Objectives

Northwest Hydraulic Consultants (NHC) was retained by Hidroalto to construct and test a physical hydraulic model
of the proposed spillway and intake facilities. The overall objective of the model study was to confirm the hydraulic
conditions through the spillway and intake structures and to assess the sediment transport conditions in the vicinity
of the intake and diversion weir. Specifically, the study was focused on the following objectives:






Simulate the passage of the flood hydrograph over the overflow (ungated) spillways and sluice gates
(bottom outlets) to determine rating curves, hydraulic grade line data and mid-depth velocities;
Simulate the behavior of stilling basins for both the spillway and sluice gates to ensure acceptable energy
dissipation;
Analyze scour and protection requirements downstream of stilling basins;
Simulate flushing of sediments from in front of the intake and spillways for predicted future sedimentation
patterns in the reservoir; and,
Simulate the behavior of the intake and sediment exclusion works to minimize the amount of sediment
entering the intake and penstock/tunnel, minimize vortex activity at the entrance to the penstock/tunnel, and
reduce intake head losses.

Figure 4. Plan view of the physical model.

2. MODEL DESCRIPTION
A 1:35 scale model following the Froude scaling criteria was fabricated to study the performance of the spillways
and the intake. The model reproduced a 600 m long reach of the river, extending approximately 450 m upstream and
150 m downstream of the proposed spillway. The model reproduced details of the spillway, sediment sluicing and
sediment excluder facilities, the intake structure, the penstock entrance, and approximately ten diameters of the
penstock. Figure 4 shows a plan view of the physical model layout. At a 1:35 scale, the model was approximately 17
m long and was able to reproduce a prototype discharge up to the 1000-year flood event of 2,339 m3/s (equivalent to
323 l/s in the model).

2.1.

Model Scaling and Similitude

Scale hydraulic models require that the force relationships in the model and prototype are dynamically similar. To
achieve this similarity, inertial to gravity, pressure, viscous, and surface tension forces must be the same between
model and prototype; only a 1:1 scale model can fully satisfy these criteria. Modeling at a reduced scale involves
identifying the primary force relationship to accurately simulate prototype conditions, then selecting a model scale
to minimize any scale effects.
For free-surface flow conditions, such as those being simulated for the Due Hydroelectric Project Intake Facility,
inertial and gravitational forces are the dominant forces that define the hydrodynamic flow conditions (ASCE 2000).
As a result, the Froude number is the key force ratio that must be equal in both the model and prototype. That is,
FM
1
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(1)

in which subindices M and P represent model and prototype, respectively, and F refers to the Froude number, which
is equal to the ratio of the inertial to gravitational forces defined as:
F

U

(2)
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Here, U is the mean velocity, g is acceleration due to gravity, and y is the flow depth.
In addition to Froude number equality, the model scale should be large enough to allow flow visualization, accurate
measurements of water levels and velocities, and to provide sufficient dimensional control to ensure the model study
objectives can be met. Based on satisfying these objectives and the above similitude requirements, NHC constructed
and tested the Due Intake model at an undistorted scale of 1:35. At this scale, adherence to Froude criterion for
similitude results in the scale relationships as outlined in the table below in which, Lr represents the scale factor (i.e.,
1:35).
Table 2. Model Scale Relationships.
Parameter
Length
Time, Velocity
Discharge

Relationship
Lr
Lr1/2
Lr5/2

Value
1:35
1:5.92
1:7,247

Using a Froude-scaled physical model results in underestimation of the vortex activity due to scale effects resulting
from inequality of Reynolds numbers (i.e., viscosity effects) in the model and prototype. As discussed later,
increasing discharge rates in the model can provide a better representation of the vortex activity in the prototype.
Also, Froude-scaled models can only fulfill the sediment transport similarity criteria in distorted models or by
reducing the model particle density (Heller 2011) as described below.

2.2.

Sediment Transport Scaling

Fine sand was supplied to the model, allowing the bed levels to build up to an elevation of approximately El. 612.0
m upstream of the spillway and intake structures. The fine sand used in the model had a mean size of 0.2 mm, which
is representative of 7.0 mm gravel in the prototype, and a specific gravity of 1.04. In addition, a light-weight model
sediment (gilsonite) was used as a tracer material to evaluate the transport and deposition of finer sediments in the
vicinity of the intake structure. The particle size distribution curves of the model and prototype material are shown
in Figure 5. As shown in Figure 5, the material used in the model roughly covers the range between D40 to D60 of the
prototype sediments.
For simulation of the finer prototype sediments, the dimensionless parameters representing a loose-boundary model
include the particle Reynolds number and the densimetric Froude number (i.e., Shields Parameter). The geometric
scaling of the particle sizes is limited by the fact that cohesion will begin to influence sediment behavior in the
model if the down-scaled particles are within the silt and clay size range. Since water is most often used in the
model, the particle density is usually the parameter that can be varied within the model when trying to represent
finer sediments.

Figure 5. Particle size distribution of the model and prototype material.
For the Due model study, sediment similitude was based on scaling the corresponding sediment movement threshold
(i.e., densimetric Froude number FD presented in Eq. 3, Raudkivi 1976) rather than the Reynolds number. That is,
the sediment size was scaled in the model such that it reproduced the corresponding critical shear stress θ (Eq. 2,
Raudkivi 1976) required to initiate motion for the sediment size in the prototype.

FD 

U
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(3)

Here, FD is the densimetric Froude number, U is the mean velocity, s is the ratio of sediment and fluid densities, g is
acceleration due to gravity, and D is the sediment particle diameter.
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in which θ is the Shields number or the dimensionless shear stress, τ is the shear stress, and ρs and ρ are the density
of sediment and fluid, respectively.
Following this approach, the shear stress driving the entrainment (initiation of motion) of the sediment particles,
with the given size and density in the model, should provide a reasonable representation of the prototype material.

However, with all these precautions, the sediment test results should be considered as qualitative and are useful to
compare the performance of one configuration to another, but cannot be used to accurately predict sediment loads or
concentrations that may occur in the prototype.
The model gilsonite sediment was injected at approximately approximately 50 m (1.5 m model) upstream of the
intake structure. Sediment injection was conducted by gradually releasing a measured volume of (pre-wetted)
gilsonite from a 18 cm × 66 cm (model) perforated plate, resulting in a relatively uniform release of sediment
particles into the flow approaching the intake structure. This process is shown in Figure 6.

Figure 6. Photo showing injection of sediment upstream of the intake.

3. RESULTS AND DISCUSSION
3.1.

Spillway and Stilling Basin Performance

At river discharges of 2,339 m3/s and 1,100 m3/s, with all sluice gates fully open, the stilling basins downstream of
the sluice gates performed poorly. The hydraulic jump was swept out of the stilling basins and high-velocity flow
plunged into the downstream river channel, causing significant damage to the riprap protection (see Figure 9a).
Similarly, when all sluice gates were closed and all flow passed over the spillways, the stilling basins downstream of
the spillways were not effective at dissipating energy. The hydraulic jump was swept out of the spillway stilling
basins and formed downstream of the end sill, resulting in significant riprap scour.
Evaluation of the initial design of the stilling basins in the physical model showed that modifications to the design
could be made to improve the performance. Based on the results of the model study, the following modifications in
the initial design of the spillway facility were recommended:
 The lengths of the stilling basins were reduced by 5 m, provided the recommended gate operation
guidelines are incorporated;
 A set of four baffle blocks were added within each sluice gate stilling basin approximately 16 m
downstream of the toe of the sluiceway chute;
 A full-length wall was installed in the stilling basin between the north overflow spillway and sluice gate 5;
 The width of all stilling basin walls was reduced from 2.5 m to 1.25 m by incorporating a 12.5 m long 1:10
tapered transition that starts at the toe of the sluiceway chute and is straight on the spillway side;
 The height of all stilling basin walls was reduced by 2 m (i.e., the top elevation of the stilling basin walls
was lowered to El. 613.80 m); and,
 The pier noses between sluice gates were replaced with 6.25 m long 1:10 tapered transition terminating in a
1.25 m diameter rounded nose. The pier noses can have the same top elevation as the stilling basin walls
(El. 613.8 m).
A section view of the final design of facility is shown in Figure 7. Further evaluation of the spillways and stilling
basins demonstrated that proper operation of the spillways and sluice gates is critical in order to maintain a
satisfactory performance of the facility as described below.

a)

b)

Figure 7. Section views of the final design of the a) North Spillway (Section B-B in Figure 1), and b) Sluice Gate 5
(Section C-C in Figure 1).

3.2.

Spillway and Sluice Gate Operation

In order to assess what the maximum spillway discharge could be to avoid scour damage to the riprap downstream
of the stilling basin, the model discharge was progressively increased with all flow passing over the north and south
overflow spillways, and the stilling basin performance was evaluated continuously. It was observed that for spillway
discharges up to approximately 800 m3/s, which corresponds to a reservoir water level of approximately El. 622.0 m,
the performance of the spillway stilling basins was satisfactory with no riprap scour. For spillway discharges above
1,300 m3/s, corresponding to reservoir water levels above El. 623.0 m, the stilling basins were found to be
ineffective at dissipating energy, and the high-velocity flow leaving the stilling basin caused considerable damage to
the downstream riprap protection. For spillway discharges between 800 m3/s and 1,300 m3/s (reservoir water level
between El. 622.0 m and El. 623.0 m), the stilling basins were partially effective at energy dissipation, and some
minor riprap scour was observed.
Following these tests, the model was used to develop operating rules for the sluice gates in order to limit the
reservoir levels to less than El. 623.0 m, corresponding to spillway discharges less than 1,300 m 3/s, during larger
flood events. The operating rules were developed by progressively increasing the model discharge and determining
the sluice gate operations to ensure the hydraulic jumps formed near the upstream ends of the stilling basins, the
scour of the downstream riprap was minimized, and the distribution of flow velocities across the downstream
channel was uniform.

Figure 8. Reservoir water level and recommended sluice gate operation.

Based on these tests, a recommended operation chart for the facility was developed, as shown in Figure 8. This chart
presents a relationship between reservoir water level and riprap scour and outlines the recommended gate
operations. To maintain satisfactory stilling basin performance, it is recommended that sluice gates 1 to 5 be
operated for river flows exceeding approximately 800 m3/s. At a river discharge of 800 m3/s, it is recommended that
sluice gates 1 to 5 should be opened by 0.5 m; as the river flow increases to 1,100 m3/s, the sluice gate openings
should be increased to 1.0 m; and if the river discharge continues to increase, the gate openings should be increased
linearly to achieve a gate opening of 3.5 m at a river discharge of 2,339 m3/s (see Figure 9). Following the
recommended sluice gate operation resulted in satisfactory performance of the stilling basins (see Figure 9b).

a)

b)
Figure 9. Performance of the stilling basins at a river discharge of 2,339 m3/s.

a) Initial design with the sluice gates fully open, and b) Modified design with recommended sluice gate operation.

3.3.

Intake Performance

3.3.1. Vortex Activity
The flow patterns at river discharges of 400 m3/s and 300 m3/s were uniform towards the intake. However, the flow
entering the intake was slightly non-uniform, which resulted in an intermittent surface vortex (Type 2 dye core)
forming just upstream of the penstock entrance adjacent to the left (west) side of the intake. A description of vortex
types can be found in Knauss (1987). It is estimated that this surface vortex was present for less than 5 percent of the
time; however, due to scale effects in the model, it is expected that the strength and frequency of the vortex activity
will be greater in the prototype than observed in the model.
With the intake operating at 57.2 m3/s over a range of river discharges from 59 m3/s to 400 m3/s, intermittent Type 2
surface vortices (dye core) existed within the intake just upstream of the penstock entrance with a frequency of less
than 10 percent of the time. However, as noted previously, the surface vortex activity observed in the model is
under-estimated due to scale effects. To compensate for this, surface vortex activity within the intake was evaluated
at a discharge equal to 1.5 times the Froude-scaled discharge. At the increased intake withdrawal, intermittent Type
2 (dye core) vortices were observed but the frequency of the vortices increased to approximately 50 percent of the
time, which is likely more representative of what will be observed in the prototype facility. This is based on the
recommendations by HI (2012) to repeat selected tests at 1.5 times the Froude scaled flows to compensate for any
possible scale effects on free surface vortices.
Based on the increased frequency of the surface vortex activity observed at the higher withdrawal discharge and at
the lower water level, it was recommended that vortex suppression devices be installed in the intake. The proposed
design consisted of a set of six horizontal pipes, referred to as “vortex breaker pipes” that were installed at a
centerline elevation of El. 615.5 m immediately upstream of the penstock entrance. The pipes have a diameter of 0.2
m and were installed at a center-to-center spacing of 0.6 m (clearance of 0.4 m between pipes). Testing conducted

with these pipes installed in the model indicated that they were effective at dissipating the Type 2 surface vortices
before they were able to enter the penstock.
In order to determine the minimum “safe” operating level for the intake, before vortex activity increased to a
continuous Type 2 or intermittent Type 3, the water level within the reservoir was slowly lowered while maintaining
an intake discharge of 57.2 m3/s. As the water level within the reservoir was lowered, Type 2 surface vortex activity
became more frequent, but Type 3 vortices were not observed. However, at a water level of about El. 617.5 m, the
flow was influenced by the sediment excluder sill (crest at El. 615.0 m), with weak standing waves forming over the
sill and increased turbulence at the penstock entrance. As the water level was lowered further, flow over the sill
became supercritical, and a weak hydraulic jump formed upstream of the penstock entrance. At this stage, a
significant volume of air was entrained into the penstock, and the withdrawal discharge was reduced.

3.3.2. Sediment Exclusion
The amount sediment ingested by the intake was found to be approximately 5 percent of the light-weight (gilsonite)
sediment that was supplied to the model a short distance upstream of the intake, and the initial design of the
sediment excluder (shown in Figure 10) was effective in diverting approximately 60 percent of the sediment that
entered the intake. Approximately 20 to 30 percent of the sediment entering the intake passed through the penstock,
and the remaining 10 to 20 percent deposited elsewhere within the intake.
Based on the initial design testing observations, modifications to the intake sediment extractor were proposed and
successfully examined in the model. The recommended final design consisted of replacing the sediment extractor
sill with a simpler vortex tube sediment extractor.

a)

b)
Figure 10. Initial design of the intake sediment extractor; a) plan and b) section views.

3.3.3. Vortex Tube Sediment Extractor
The design for the vortex tube sediment extractor was comprised of a 1.0 m diameter tube aligned at a 7-degree
angle to the intake centerline and inset within a lowered sill set at El. 612.90 m, with a 0.5 m high sill constructed
immediately downstream of the vortex tube (see Figure 11). Preliminary tests conducted with this design
demonstrated that there was almost no flow or sediment being drawn through the vortex tube from the far left side of
the intake, resulting in relatively poor performance with respect to sediment exclusion. However, it was determined
that adding a slotted plate (similar to the plate used in the initial sediment excluder) was effective at improving the
withdrawal of flow and sediment from across the full width of the intake. Furthermore, preliminary testing indicated
that it would be feasible to operate the intake at water levels down to El. 616.5 m (1 m lower than determined for the
initial intake design) without significantly increasing the surface vortex activity or entraining air into the intake. The
hydraulic losses through the intake were found to be similar for the two designs, and the ability to divert the near-

bed sediment entering the intake was also comparable to the original design. Based on these results it was
recommended that the vortex tube sediment extractor be incorporated into the final design for the intake.

a)

b)

Figure 11. Recommended final design of the intake sediment extractor; a) plan and b) section views.

4. SUMMARY AND CONCLUSIONS
Northwest Hydraulic Consultants Ltd. (NHC) was selected by Hidroalto S.A. to construct and test a 1:35 scale
physical hydraulic model of the Due Hydroelectric intake facility, located on the Due River in the Province of
Sucumbios, Ecuador. The intake facility will withdraw water from the Due River at a design flow of 57.2 m 3/s, with
6.2 m3/s diverted through the sediment excluder pipe and the remaining 51 m3/s entering the 4.8 m diameter power
tunnel. The civil works of the project will be comprised of a 133.45 m wide diversion weir with two overflow
spillways; six 6.0 m wide gated sluice channels; a four bay intake with sediment excluder; and a 4.8 m diameter
power tunnel/penstock leading to a 50 MW powerhouse.
The overall objective of the model study was to confirm the hydraulic performance of the spillway and intake
structures and to assess the sediment transport conditions in the vicinity of the intake and diversion weir.
Specifically, the study was focused on the improving and optimizing the spillway stilling basin design and
minimizing vortex activity and sediment ingestion within the intake. NHC evaluated several modifications to the
stilling basins and intake to achieve these objectives.
The recommended modifications within the stilling basin comprised of adding a stilling basin wall between the
north spillway and sluice gate 5; shortening the stilling basin length by 5 m; reducing the height of the stilling basin
walls by 2 m; reducing the width of the stilling basin walls to 1.25 m using a 1:10 transition; and adding a row of
four baffle blocks within the sluice gate stilling basins.
The model was also used to develop operating guidelines for the intake and spillway. It was determined that to avoid
excessive sediment entering the intake, operation of the intake should not be permitted at river discharges above 400
m3/s, and to avoid air entrainment into the penstock, operation of the penstock should be halted at a reservoir water
level below El. 616.5 m. Furthermore, it was determined that sluice gates 1 to 5 should be operated for river
discharges exceeding approximately 800 m3/s in order to maintain reservoir water levels below El. 623.0 m and
minimize the potential for damage to the rip rap protection downstream of the spillway stilling basins. A relationship
between river discharge and recommended sluice gate operation was developed during the final design tests in the
model.
Furthermore, the recommended modifications within the intake included replacing the initial design of the sediment
excluder sill with a “vortex tube” sediment extractor, and adding a set of vortex breaker pipes just upstream of the
penstock entrance to dissipate surface vortex activity.
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